Ribulose-1,5-bisphosphate carboxylase/oxygenase (EC 4.1.1.39) was crystallized from a heterozygous tobacco (Nicotiana tabacum L.) aurea mutant (Sulsu), its wild-type sibling (su/su), and green revertant plants regenerated from green spots found on leaves of haploid Su plants. No differences were found in the specific activity or kinetic parameters of this enzyme, when comparing Su/su and su/su plants of the same age, which had been grown under identical conditions. The enzyme crystallized from revertant plants was also identical to the enzyme from wild-type plants with the exception of one clone, designated R2. R2 has a chromosome number approximately double that of the wild-type (87.0 + 11.1 versus 48). The enzyme from R2 had a lower V,, for C02, although the Km values were identical to those for the enzyme from the wild-type plant. The enzyme from all mutant plants had identical isoelectric points, identical molecular weight as demonstrated by migration on native and sodium dodecyl sulfate (SDS)-polyacrylamide gels, and the same ratio of large to small subunits as the enzyme from the wild-type. The large subunit of the enzyme from tobacco leaves exhibited a different electrophoretic pattern than did the large subunit from spinach; there were two to three bands on SDSpolyacrylamide gels for the tobacco enzyme whereas the enzyme from spinach had only one species of large subunit.
polyacrylamide gels for the tobacco enzyme whereas the enzyme from spinach had only one species of large subunit.
Total polyphenol oxidase activity was the same in leaves from the heterozygous mutant (Su/su) and wild-type (su/su) plants when correlated with developmental age as represented by morphology rather than by the chronological age of the plants. There was a marked increase in the soluble activity of this enzyme with increasing age of both plant types and also as a result of varying environmental conditions. Ribulose-1,5-bisphosphate carboxylase/oxygenase activity correlated inversely with increases in the soluble activity of polyphenol oxidase in crude homogenates from which the carboxylase/oxygenase was crystallized over a generation of Su/su and sulsu plants. Criteria are outlined for determining if differences in activity of ribulose-1,5-bisphosphate carboxylase/oxygenase are caused by an effect of polyphenol oxidase activity and/or by some other extrinsic parameter.
The heterozygous tobacco aurea mutant Su/su (2) sulted from a nuclear mutation, has been reported to have higher rates of photorespiration than its wild-type sibling, John Williams Broadleaf, su/su (19, 26) . Kung and Marsho (11) examined the activity of ribulose-P23 carboxylase/oxygenase (EC 4.1.1.39) and by isoelectric focusing looked for structural changes in the small subunit of the enzyme. Their results indicated lower activity for both reactions in the crystalline enzyme from the mutant plant Su/su; ribulose-P2 carboxylase had approximately 57% and ribulose-P2 oxygenase 40%o of the activity found in the wild-type plant su/su. By isoelectric focusing, no differences were seen in the polypeptides of the large or small subunit of the enzyme from both plant types. Okabe (18, 19) has reported that ribulose-P2 carboxylase/oxygenase from the mutant Su/su has a higher Km(CO2) and a lower Km(02) in a crude desalted extract than does the enzyme from su/su. Because these results would be significant in understanding the ratio of photorespiration to photosynthesis, we sought to reproduce them with the crystalline enzyme prepared from these plants. Because of large fluctuations in the activity of the ribulose-P2 carboxylase/oxygenase it was necessary to compare its total and specific activity from Su/su and su/su plants of the same age. This was done weekly, from the seedling state of development through the beginnings of senesence, for a single group of plants in an attempt to correlate changes in enzyme activity with plant age, growth conditions, and polyphenol oxidase activity.
Several kinetic properties of the ribulose-P2 carboxylase/oxygenase from the wild-type su/su, the heterozygous mutant Su/su, and three different revertants isolated from haploid Su plants were examined. While our work was in progress, Garrett (6) reported that in ryegrass (Lolium) changes occur in the isoelectric point of the holoenzyme and in the Km(CO2) for ribulose-P2 carboxylase/ oxygenase due to a change in ploidy level in the plant from diploid to tetraploid. One of our tobacco revertants, R2, also has a high ploidy level (chromosome number of 87.0 ± I 1.1). We, therefore, examined several properties of the enzyme from this clone of plants.
Polyphenol oxidase is a chloroplast enzyme which is associated primarily with the thylakoids (16, 23 Ribulose-P2 Carboxylase/Oxygenase. This enzyme was crystallized as previously described (3, 21) except that 2% PVPP was added to the grinding buffer to protect partially against polyphenol oxidase activity released during grinding of the tobacco leaves. This procedure involved homogenization, filtration through Sephadex G-25, and protein concentration by vacuum dialysis. The enzyme was crystallized by dialysis in collodion bags against a NaCl-free buffer. Crystallization was done only once, as it was found that recrystallization had no effect on enzyme specific activity or purity as shown by native and SDS-polyacrylamide gel electrophoresis. The crystals were dissolved in a buffer containing 100 mm Bicine (pH 8.3), 10 mM MgCl2, 0.25 mm EDTA, and 200 mM NaCl, and a stock solution was adjusted to 2 mg protein/ml as measured by A at 280 nm (22) . A heat treatment at 50 C had no influence on enzyme activity. For experiments on changes in enzyme activity with plant age, assays for total activity of ribulose-P2 carboxylase/oxygenase were run on the leaf extracts prior to passing the crude homogenate over a Sephadex G-25 column.
Before assay, the enzyme was activated by incubation for at least 30 min with 10 mM NaHCO3 and I mM DTT carboxylase/oxygenase which had been activated as described above and placed in the reaction mixture for temperature equilibration for approximately I min. The reactions were run at 30 C and monitored for 50-60 s with a chart recorder; rates were taken only from the initial linear portion of the curves. These rates were not greatly lower than rates measured in reactions initiated by the addition of CO2 activated enzyme.
After the initial experiments were run, another protocol for the oxygenase assay was developed (15) Polyacrylamide gel electrophoresis (5) was run with 10-50,tg protein applied/gel tube (100 x 5 mm). Gels consisted of 5% acrylamide and were run at 3.5 mamp/tube until the tracking dye (bromphenol blue) reached the bottom of the tube. SDS-polyacrylamide gel electrophoresis (25) was run in tube gels (100 x 5 mm). Gels consisted of 10%o acrylamide, and 10-50 ,ug protein were placed on each gel with an applied current of 8 mamp/tube until the tracking dye reached the bottom of the tube. Nondenaturing isoelectric focusing was done in polyacrylamide tube gels according to the procedure of O'Farrell (17), except that urea was excluded from all buffers. Gels consisted of 7% acrylamide and were run for a total of 600-700 v-h/tube. All gels were fixed and stained overnight in 0.1% Coomassie blue R, 10%o (w/v) trichloroacetic acid, and 25% (v/v) isopropanol, and then destained in 7.5% (v/v) acetic acid and 20% (v/v) methyl alcohol containing Rexyn 1-300 mixed bed ion exchange resin (Fisher Scientific Co.). Gels were scanned at 600 nm with a Gilford gel scanner.
Protein concentrations in crude extracts were determined using a modified Lowry procedure (1) . Ribulose-P2 was prepared enzymically (9 Effect of Age and Growth Condition On Total and Specific Activity of Ribulose-P2 Carboxylase/Oxygenase. When analyzed on a weekly basis, the specific activity of isolated crystalline ribulose-P2 carboxylase (Fig. IA) and ribulose-P2 oxygenase ( Fig.  2A) had highly significant differences (P of 0.01 for the carboxylase and 0.05 for the oxygenase). Specific carboxylase activity of the enzyme from these top leaves was greatest in young plants, 44 days old, which were grown in the growth chamber, and then declined until values one-third to one-half the peak specific activity were measured with enzyme crystallized from plants 66 days old. At this time, the plants were transferred to the greenhouse; subsequently the specific activity of the crystalline enzyme from the top leaves increased again, reaching maximum values at 80-85 days of plant age. After this peak, there was a slow decrease in specific activity of the crystalline enzyme from plants of increasing age. These changes in specific activity of the crystalline enzyme were essentially the same in Su/su and su/su plants. Similar changes with age and growth conditions were also observed in the activity of the enzyme in the crude leaf extracts, expressed as activity per mg of total soluble protein, for both the carboxylase (Fig. IB) and the oxygenase (Fig. 2B) Figure I for carboxylase activity were assayed for oxygenase activity. A: specific activity of crystalline enzyme. B: total activity in crude extracts.
basis, there was no significant difference in the specific activity of ribulose-P2 carboxylase when comparing all the data from the heterozygous mutant Su/su with the wild-type su/su by an F test. The mean carboxylase specific activity was 371 ± 121 and 330 ± 101 nmol CO2 min-' mg-' protein for Su/su and su/su, respectively. The mean oxygenase activity from the two plant types averaged 53 ± 12 nmol 02 min-1 mg-' protein for Su/su and 45 ± 13 for su/su, under the assay conditions (air) employed. Although the differences for the oxygenase could be judged significant by an F test, there was wide variability as shown by the overlap in SD of the means. The oxygenase assay was subject to more variability than the carboxylase assay, especially since the enzyme was rapidly losing activity in the C02-free medium necessary for the oxygenase assays.
Carboxylase Two anomalies were observed. At 80-90 days, total activity in the crude extract from the wild-type su/su plants was as high on a protein basis as was the specific activity for the crystalline enzyme from the same extract (Fig. 1, A and B) . This might be explained by postulating activators in the crude extract or partial inactivation of the enzyme during crystallization, but the reason for low specific activity in the crystalline enzyme remains unknown. Another difficulty encountered was the endogenous rate of 02 uptake in the oxygenase assay. Ribulose-P2 oxygenase activity in the crude extract from plants older than 107 days is not given because the endogenous rate of 02 uptake became so high that accurate measurements were impossible. In fact, when ribulose-P2 was added to leafextracts from these older plants, although the leaves were newly developed, the rate of 02 uptake was often depressed over the high endogenous rate.
Effect of Age and Growth Conditions on Polyphenol Oxidase. Measurable polyphenol oxidase activity in the leaf extracts appears to be affected by the developmental stage of the plant. In the wild-type su/su plant grown in the growth chamber, soluble polyphenol oxidase activity first appeared in freshly prepared homogenates from top leaves when the plants were about 66 days old (Fig. 3) It has been shown that polyphenol oxidase activity in leaf extracts is responsible for some enzyme inactivation (14) , and that it modifies the polypeptide pattern of the large subunit of ribulose-P2 carboxylase/oxygenase (7) . In this study, correlation of changes in the activity of ribulose-P2 carboxylase/oxygenase with induction and amount of soluble polyphenol oxidase activity in the crude extract was noted. The large decline in specific activity of the crystalline ribulose-P2 carboxylase/oxygenase from plants grown in the growth chamber from 44 to 66 days occurred at the same time as the rise in soluble polyphenol oxidase activity (Figs.  I and 3 ). When these plants were then transferred to the greenhouse, there was a concomitant drop in soluble polyphenol oxidase activity (data not shown) and a rise in the total and specific activity of the ribulose-P2 carboxylase/oxygenase (Figs. 1 and 2) . Thereafter, the gradual decline in specific activity of the ribulose-P2 carboxylase/oxygenase from the top leaves of older plants correlated with the gradual increase in activity of soluble polyphenol oxidase. These fluctuations in the ribulose-P2 carboxylase/ oxygenase activity occurred in spite of the fact that the homogenizing medium contained 2% PVPP to remove the naturally occurring phenolic substrates of polyphenol oxidase, whose quinone oxidation products in part account for enzyme inactivation. Such extracts did not turn dark brown, but PVPP treatment did not remove the polyphenol oxidase which has been shown to modify other proteins (14) .
Effects of Age and Growth Conditions on the Ratio of Ribulose-P2 Carboxylase to Ribulose-P2 Oxygenase from Su/su and su/su Plants. The data in Figure 4 that were used in calculating these ratios were taken from Figures I and 2. The assays had been run in identical buffers, at the same pH and temperature, under air, and as near in time as was possible (within 4 h of each other). The mean carboxylase/oxygenase ratio for the crystalline enzyme from the mutant Su/su was 7.1 ± 2.0 and 7.5 ± 2.0 for the wild-type su/su. This difference was judged not significant based on an F test. The variations in the ratio from week to week were highly significant (P = 0.01) ranging from 4.4 to 12.2 (Fig. 4A) . The reliability of the ratio determination using activity in crude extracts was not great due to high endogenous rates of 02 uptake in extracts from increasingly older plants. The difference between the average ratios of 23.1 ± 9.3 for su/su and 17.0 + 6.7 for Su/su (Fig. 4B) is significant according to an F test; however this may simply be a reflection of the earlier induction of polyphenol oxidase activity in su/su than in Su/su which would produce higher endogenous rates of 02 uptake at an earlier age (previous section). Differences in the ratio of activity in crude extract from week to week are highly significant (Fig. 4B) .
A much higher ratio of ribulose-P2 carboxylase to ribulose-P2 oxygenase activity was measured in crude extracts compared with crystalline enzyme preparations as we previously reported (ref. 8 , Fig. 4 ). The reason for this change is not known. However, our data indicate that it occurs because ribulose-P2 carboxylase in crude extracts is 50-85% as active as the crystalline enzyme, whereas ribulose-P2 oxygenase is only 25-35% as active in crude extracts as in the crystalline enzyme, when each is measured on a per mg protein basis.
Kinetic Parameters of Ribulose-P2 Carboxylase/Oxygenase from Su/su, su/su and Three Revertant Plants Recovered from Haploid Su. Vm.. and Km values for the crystalline enzyme from leaves of the mutant Su/su, its wild-type sibling, su/su, and three revertant plants isolated from haploid Su (10) are presented in Table I . There were no differences found in any of the kinetic parameters when comparing the carboxylase/oxygenase from sul su plants with the mutant Su/su or two of the revertants. The only exception was with the revertant R2. This plant has a chromosome number of 87.0 ± 1.1, is homozygous for Su, and phenotypically variant, although it is still green (10) . The enzyme from the revertant R2 had the same apparent Km(CO2) and Km(ribulose-P2) as did the wild-type su/su, but its Vmczx for CO2 was 50%o lower. This lower Vmalx was observed in numerous preparations of the carboxylase from leaves of R2, but because of enormous changes which we have seen in the specific activity of the carboxylase/ [3, 21] or the chromatographic purification used by Ryan and Tolbert [20] 
